other intervention for organ preconditioning prior to transplantation. Conclusion: The multifactorial pathophysiology in the setting of IRI in LT requires a multimodal therapeutic approach with the integration of pharmacological and technical means being applied to the donor, the organ per se, and the recipient. Currently, there is no consensus on standardized pretreatment of donor organs in order to improve the transplant outcome.
Introduction
Liver transplantation (LT) has become an established approach for the management of end-stage liver diseases [1] [2] [3] , with very good survival rates that have continuously improved with growing experience over time [4] . Whereas in the beginning of the LT era, technical aspects of LT and rejection were the main challenges, problems like the growing shortage of donor organs and early graft dysfunction after LT currently are in the focus. Initial graft function after LT is a major determinant of morbidity and mortality after LT. Ploeg et al. [5] distinguished between primary non-function (PNF) and primary poor function (PPF). The rate of PNF is low (about 2%) [6] , but this is a severe condition after LT. The rate of PPF of transplanted livers is higher (>15% in the literature [7] ), but these livers can recover. The development of PNF and PPF is dependent on many influencing factors [4, 8, 9] . Facing the growing shortage of donor organs, it is of upmost importance to focus on these various influencing factors and to develop new therapeutic concepts in order to ensure preservation of the function of each graft. Currently about 27,000 organs are transplanted in the United Keywords Ischemia-reperfusion injury · Liver · Transplantation · Organ donor Summary Background: Organ shortage is a growing problem, with a rising number of organs being harvested from extended criteria donors, and this trend will further continue to increase as organ donors are getting older and have more comorbidities. Since this fact is immutable, efforts have been made to reduce the extent of ischemiareperfusion injury (IRI) as well as of direct and indirect harvest-related graft injury which affects all organs in a more or less distinct way. Methods: In liver transplantation (LT), the activation of Kupffer cells during organ reperfusion, thus provoking microcirculatory disturbances, hypoxia, and endothelial cell injury, is one of the key mechanisms causing graft dysfunction. Multiple approaches have been taken in order to find efficient preconditioning methods by pharmacological pretreatment, controlled induction of ischemia, controlled denervation of donor organs, and reconditioning with machine perfusion to prevent IRI, whereas marginal organs (i.e. steatotic grafts) are especially vulnerable. Results: The above-mentioned approaches have been pursued in experimental and clinical settings. At this time point, however, there is not yet enough clinical evidence available to recommend any particular drug pretreatment or any Network [10] each year, with 120,000 patients on the waiting list, and the average organ discard rate in this precious situation is 17.27% [11] . Donor organ quality will further decrease because donors are getting older, entailing more comorbidities, and there is an increasing number of grafts used from extended criteria donors (ECD), amounting to more than 60%. ECD organs can imply a suboptimal outcome after transplantation [4] . These extended criteria include donor factors as well as recipient and logistic factors [12] , while no unique definition of ECD does exist. Generally, those organs fall into two risk categories, i.e. causing either poor graft function (PNF, PPF, more complication risk in the long term) or possibility of disease transmission (infections, malignancy). According to the Eurotransplant definition, the following criteria define an ECD liver: donor age > 65 years, intensive care unit stay with ventilation > 7 days, BMI > 30 kg/m 2 , liver steatosis > 40%, serum sodium > 165 U/l, AST > 90 U/l, serum bilirubin > 3 mg/dl. Apart from that, liver grafts can be either Non-DCD (donation after cardiac death) or DCD with extended warm ischemia times, whereas DCD organs are associated with more severe ischemiareperfusion injury (IRI), PNF, PPF, and biliary ischemia [13] . The risk of disease transmission has to be outlined separately. Scores like the donor risk index (DRI) [14] and the balance of risk score have been developed to quantify the risk of graft dysfunction or failure in recipients of marginal liver grafts. However, all of these scores have their limitations [15] , such as the missing consideration of liver steatosis when using the DRI.
Potentials for Increasing the Donor Pool for Liver Transplantation
In many studies to date, liver steatosis has been identified to be one of the most important risk factors for primary dysfunction of a liver graft [9, [16] [17] [18] . The following recommendations (grade of recommendation level 2b) according to the European Association for the Study of the Liver Clinical Practice Guidelines apply, with the classification of steatosis into a) mild (microsteatosis or 10-30% macrosteatosis), characterizing a donor organ as suitable for transplantation, b) moderate (30-60% macrosteatosis), permitting acceptable outcomes in selected donor-recipient risk combinations, and c) severe (more than 60% macrosteatosis), meaning an unacceptable risk of severe IRI, graft failure, biliary complications, and mortality. Liver grafts of the latter category should be discarded [4] . Discarding organs is troublesome in light of the growing organ shortage; thus, each and every potential for increasing the donor pool will be illuminated in this overview. Improving fatty livers by pretreatment could significantly increase the donor pool as obesity and fatty liver disease are both dramatically rising.
IRI based on ischemia with subsequent reperfusion occurs in all transplanted organs in a more or less severe way. Tissue injury by cold ischemia and subsequent warm reperfusion is a complex process. It is a combination of the injuries triggered by hypoxia and subsequent reoxygenation as well as by hypothermia and subsequent rewarming. In the beginning, organ injury by cold storage is an intracellular process. While some cells directly undergo apoptosis or necrosis even before reperfusion of the graft, complex IRI is triggered during the transplantation, which contributes to varying degrees to further damage of the graft. At least some key factors that trigger this injury have been identified, and the majority of insights has been obtained from cellular models [19] . Cold-induced apoptosis is triggered by an increased cellular chelatable, redox-active iron pool, which converts reactive oxygen species (ROS) of low reactivity into highly reactive species. This iron-dependent ROS generation with subsequent lipid peroxidation plays an important role in the injury to some cell types, such as cultured hepatocytes and liver endothelial cells, during cold incubation. In the later stages of organ injury, inflammatory reactions triggered by the early cell injury play a role, i.e., an acute inflammatory reaction alerts the immune system and contributes to chronic inflammatory processes, vasculopathy, graft dysfunction, and rejection. Studies have shown that structural alterations caused by cold ischemia like hepatocyte swelling [20] [21] [22] are of minor importance for the development of primary graft dysfunction, but the key mechanism is a Kupffer cell-dependent reperfusion injury with endothelial cell death. No predictive parameter does exist for IRI [23] .
However, reasons for graft failure are very complex and involve donor factors and organ retrieval, organ preservation with cold and warm ischemic times, and the transplantation per se, encompassing the immune status of the recipient and surgical expertise of the transplant surgeon as well as possible surgical complications.
Direct and indirect harvest-related graft injury is another mechanism occurring in all grafts in a more or less pronounced form. Organ manipulation in the setting of the organ donation procedure can adversely affect liver function and microcirculatory processes [24] [25] [26] . It was demonstrated in an experimental model that in contrast to a non-manipulated control group, gentle in situ organ manipulation by gently touching, retracting, and moving liver lobes during harvest significantly reduces survival after LT via Kupffer cell-dependent mechanisms involving disturbances of hepatic microcirculation as well as provoking a hypermetabolic state of the liver, hypoxia, and almost complete denudation of endothelial lining cells [27] . It was shown that both the autonomic nervous system and the gut-derived endotoxin are involved in the activation of Kupffer cells via organ manipulation [28] . Kupffer cells from manipulated livers were shown to produce more tumor necrosis factor-alpha and prostaglandin E2 (PGE2) as well as an increase in hypoxia and of intracellular calcium concentration in response to higher levels of lipopolysaccharide ( fig. 1 ). PGE2 depleted from Kupffer cells by organ manipulation can cause more oxygen consumption, hypoxia, and glycogene depletion in hepatocytes. Proinflammatory cytokines (TGFβ, IL(interleukin)-1, IL-6, IL-12), chemokines, and adhesion molecules are further upregulated and create a vicious circle of microcirculatory disturbances as oxidized proteins, heat shock proteins, ROS, fibrinogen, defensins, cathelicidin, high-mobility group protein B1, and heparan sulfate are released and can result in further tissue damage. Involvement of T-cell receptor contributes to the development of acute and chronic rejection. Kahn 
Approaches for Preconditioning Organs in Order to Improve Transplant Outcome
Various approaches for donor preconditioning targeting the different mechanisms of IRI have been described in experimental models and also in clinical studies.
Experimental Studies
One possible method is pharmacological donor preconditioning. To date, numerous agents were described to favor outcome. A systemic meta-analysis on pharmacological donor preconditioning in experimental LT was performed by Yamanaka et al. [29] . In this review, a categorization of pharmacological agents with regard to IRI was performed in i) Kupffer cell inactivators, ii) complement inhibitors, iii) antioxidants, iv) neutrophil inactivators, v) anti-apoptosis agents, vi) heat shock protein and nuclear factor kappa B inducers, vii) metabolic agents, viii) traditional Chinese medicines, which were also investigated, and ix) adenosine agonists, nitric oxide agonists, endothelin agonists, and prostaglandins. These were administered to either the donor or the recipient, or to both donor and recipient in order to decrease the destructive effects of IRI such as Kupffer cell activation, inflammation, apoptosis, microcirculatory disturbances, accumulation of white blood cells, and oxidative stress. The authors found that Kupffer cell-inactivating agents may have a beneficial effect on short-term survival.
Modulation of Kupffer cells before organ harvesting can be targeted by application of gadolinium chloride and glycine that both were shown to prevent activation of Kupffer cells as well as adverse effects of organ manipulation in experimental models in rats [26, 30, 31] . A prospective randomized clinical trial on recipient preconditioning with glycine is currently ongoing [32] . Glycine and taurine preconditioning in steatotic rat livers were shown to be equally effective in the prevention of IRI, most likely via Kupffer cell-dependent mechanisms by decreasing interactions between leukocytes and platelets with endothelial cells and phagocytosis [33] .
Indomethacin given prior to organ harvesting was shown to prevent hypermetabolism, hypoxia, glycogen depletion, and PGE2 release from Kupffer cells [34] .
It was shown that the early cell injury by iron-dependent ROS generation during ischemia/reperfusion with subsequent lipid peroxidation can strongly be inhibited by both hypoxia and a number of antioxidants. The cold-induced increase of cytosolic iron as the main trigger of this cold-induced injury was addressed by the addition of iron chelators in modified organ preservation solutions [19] .
A second category of therapeutic approaches is the induction of ischemia, which is further described in the 'Clinical Studies' section below.
A third approach was described by Schemmer et al. [35] , consisting of denervation of the manipulated graft prior to harvesting. In a rat LT model, it could be shown that organ manipulation during organ harvesting disturbs the hepatic microcirculation and oxygen supply of the liver by innervation-dependent mechanisms. Denervation of the liver prior to harvesting or treatment with hexamethonium was shown to be able to prevent these adverse innervation-dependent effects (hypoxia, impaired microcirculation) caused by organ manipulation.
A fourth category of efforts influencing organ quality prior to transplantation is reconditioning with machine perfusion (MP). Ex vivo MP is one possibility to expand the donor pool by allowing the use of organs that otherwise would have been discarded. MP can not only provide additional diagnostic information but can also improve organ quality by means of therapeutic interventions during the preservation period [36] . The method chosen is dependent on the target organ. The main potential of MP is not only simple resuscitation of donor organs but also the possibility to administer organ-specific therapies with the avoidance of systemic side effects, which is in contrast to all previously described direct donor and recipient preconditioning methods. In LT, efforts were reported in experimental settings to inactivate miRNA-122 utilizing normothermic MP (NMP) in order to prevent hepatitis C virus (HCV) infection after transplantation of HCV-positive organs [37] , whereas these are of minor importance since the advent of the new, highly effective anti-HCV treatment options.
The issue of size matching in LT was also addressed by simulating in vivo liver resection for size reduction during application of NMP, showing better post-transplant outcomes in comparison to resection with simple cold storage (SCS) [38] . In order to assess the ability of a small liver to grow and regenerate, hepatocyte replication and biliary epithelial cell regeneration were also reported during NMP [39, 40] . Steatotic livers with their extraordinary sensitivity to IRI seem to improve on hypothermic MP and oxygenated subnormothermic MP in comparison with SCS. First results of treatment of steatotic livers with diverse defatting cocktails while on MP are promising [41, 42] .
Clinical Studies
A systematic review on deceased-donor treatment in humans versus placebo or no treatment was performed recently.
Methylprednisolone treatment in liver donors (two studies, 183 participants [43, 44] ) showed no effect on acute rejection rates within the first 6 months after LT. Antidiuretic hormone treatment in kidney donors (two studies, 222 participants [45, 46] ) showed no benefit in the prevention of delayed graft function. The effect of ischemic preconditioning for 10 min on outcomes after LT was analyzed in 7 studies with a total of 334 participants [47] [48] [49] [50] [51] [52] [53] , and showed improved short-term liver function by enhancement of AST and INR levels within the first days post-transplantation but had no effect on long-term transplant outcomes.
According to a recent meta-analysis, currently there is not enough evidence for any particular drug treatment or any intervention in deceased donors that can improve long-term graft or patient survival after transplantation in the clinical setting [54] . The antioxidative treatment approach with the aim of scavenging ROS, which increase during brain death and IRI, was also addressed in the clinical setting; however, they could not show an improvement of survival in LT and kidney transplantation [55] [56] [57] [58] , though short-term liver function was shown to be improved by the application of ascorbic acid and donor ventilation with sevoflurane. Sevoflurane was also reported by Minou et al. [58] to be protective in steatotic livers. Currently, a number of ongoing trials are investigating the effect of remote ischemic preconditioning with repetitively administered cycles of ischemia to donor organs [59, 60] . Further ongoing studies are investigating the potential benefits of preconditioning donor organs with melatonin, immunosuppressive agents, levothyroxine, simvastatin, sevoflurane, and also intensive insulin treatment, just to mention some of the current officially registered clinical trials.
At this time point, however, there is not yet enough clinical evidence for the recommendation of any particular pretreatment of donor organs (evidence-based medicine max. level 3).
Conclusion
Preconditioning should be performed at the earliest time point possible. The multifactorial pathophysiology in the setting of IRI in transplantation medicine requires a multimodal approach. Pharmacological intervention may be promising, and to date numerous approaches have been described in experimental as well as in clinical settings of LT. Facing the multimodal mechanisms responsible for graft injury prior, during and after transplantation, the most preferable approach is the integration of both pharmacological and technical preconditioning techniques as applied to the donor, the donor organ, and the organ recipient, i.e. pharmacological conditioning in combination with MP. Currently, there is no consensus on the standardized pretreatment of donor organs in order to improve the transplant outcome.
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